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Abstract 

To understand neutrino oscillations in the sense of quantum mechanics or quantum 
field theory, we describe how to use an off-diagonal (cross-generation) neutrino-Higgs 
(mass) interaction to simulate oscillations in a natural way. This results in an extra 
orthogonal SUf(3) family gauge theory, which may help us to resolve a few outstanding 
puzzles - the question of why there are only three generations, the question of why the 
masses of neutrinos are so tiny, and the question of why the dark-matter world is so 
huge (25%) as compared to the visible ordinary- matter world (5%). 

PACS Indices: 12.60.-i (Models beyond the standard model); 12.10.-g (Unified field 
theories and models). 



1 Introduction 

What are neutrinos? Owing to the fact that they have masses, neutrinos may be point-like 
Dirac particles, as the typical species as one kind of the building blocks of the Standard 
Model. It might be a species belonging to the dark-matter world, which is known to be five 
times bigger than the ordinary-matter world (as described by the minimal Standard Model) 
- in the sense that they interact with dark-matter particles. Now, we know that neutrinos 
have tiny masses, "tiny" as compared to the other building blocks of the Standard Model. 
We also know that neutrinos oscillate. 

This is not the first example of oscillations, such as the K° — K° system, but this is 
indeed the first example of oscillations for "point-like" (Dirac) particles themselves. In the 
composite K° — K° system, we could draw the Feynman diagrams that would illustrate the 
underlying mechanism in terms of the minimal Standard Model. But how do we do this 
for neutrino oscillations? It is a kind of neutrino-flavor changing interaction, at the level of 
Standard-Model building blocks, very fundamental indeed. 

Neutrino oscillations call for a lepton-flavor-violation (LFV) interaction, which brings a 
neutrino of a given flavor into that of a different flavor. Thus, neutrino masses and neutrino 
oscillations may be regarded as one of the most important experimental facts over the last 
thirty years [I]. 

Using the language of the renormalizable quantum field theory as example, it would 
correspond to an off-diagonal, cross-generation matrix in the three-neutrino space. It is 
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bilinear in the Dirac fields, so that the coupling to the Higgs field, with some vacuum 
expectation value, is the only choice, if we insist on the requirement of renormalizability. 
This Higgs field is the "family" Higgs field, as it operates in the (lepton) family space. 



2 Lepton-flavor-violating interactions 

Neutrino oscillations would be the interactions in which neutrino flavors change in the 
transition. Taking into account neutrino oscillations is equivalent to introduction of lepton- 
flavor-violating interactions. Using renormalizable quantum field theory, it has to be off- 
diagonal bilinear in Dirac fields multiplied by the (family) Higgs field with some expectation 
vacuum values. 

Using accelerators, we could produce the "high-energy" neutrino or antineutrino beam, 
in the energy greater than 2GeV (i.e. the r mass). Considering the — p scattering (the 
only high-energy neutrino beam available to us, at this point), a fraction of might convert 
to P T , thus making it possible to produce r + . Similarly, for production of e + via v^. 

To describe the reaction z^(fc) + p(p) — > fi(k') + n(p'), we introduce 



<n(p') | l{ \0)\p(p) > 

= iu( P '){lxfv(q 2 ) ~ ^fAl(q 2 )}u(p), (1) 

2m p 

<n(p')\ll { -\0)\p(p)> 
= Mp'n^Mq 2 ) + l2Mq f 5 fp(q 2 )}u(p), (2) 

with q x = ip' -p)\ and 2M = m p + m n . Here fv(q 2 ), fAi(q 2 ), fA(q 2 ), and fp(q 2 ) are, re- 
spectively, the vector, weak magnetism, axial, pseudoscalar form factors [2]. The transition 
amplitude is given by 
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We are dealing with the large side of the weak-interaction cross sections but the neutrino 
beams cannot be "managed" in terms of the energy and the intensity. But the point which 
we are trying to get at is to try to see if r + or e + could be produced in a "high-energy" 
beam - that might be relatively easy. 

In reality, the Higgs field (s) must belong to some group and the coupling is from a 
neutrino of a certain flavor to the neutrino of different flavor. Thus, it arises naturally the 
so-called family gauge theory [5]. It is relatively "safe" since the right-handed neutrinos 
do not appear at all in the minimal Standard Model. We could make a massive SUf(3) 
gauge theory completely independent of the minimal Standard Model, including the particle 
content. Of course, we could treat (u t r, v^r, v £ r) as a triplet under this SUf(3) - so to give 
rise to a completely-independent family gauge theory. Because the anomaly do not hurt 
in this case, we could drop the right-handed labels from the neutrinos. This completes the 
derivation of the family gauge theory [5j. The SUf(3) is by definition the massive gauge 
theory - all the involved particles, except the neutrinos, are massive dark-matter particles. 

We treat the neutrino triplet (z/ T , z/^, v e ) (= as the SUf(3) triplet. There are six 
options in this context. To make the SUf(3) family gauge theory massive, we may choose 
two complex scalar triplets ( ( I ) +, < 3?_) to make all eight gauge bosons massive. To make the 
mass term, we have the option to write 

r] ■ • (i<I> x ($ + + e$_) • + h.c), (5) 

as advertised. It is an off-diagonal matrix (in SUf(3)). That is, v e would transform into or 
into u T) would into v T or v e , and so on. This is interesting in view of neutrino oscillations, 
since it could be regarded as the underlying interaction (mechanism) for neutrino oscillations 
(which we are talking about [1] ) . An oscillation occurs in a way similar to the decay by way 
of creating a new species plus the vacuum expectation value (or, changing the vacuum). In 
quantum mechanics or in quantum field theory, this may be so far the only way how an 
oscillation can occur. 

Now, consider the muon-like neutrino converting to a tau-like neutrino and then pro- 
ducing a tau, i.e. (P M — > u T ) + p — > r + + n. Feynman's rules yield 

7a(1 + TfeMfcO- < <P') I + J A H (°)] I ?(p) > 

{rj(u + + euJ) ■ } • -J • u(&)7a(1 + TsM*') ■ 

m 2 + mi a/2 

<n(p')\[l{- ) (0) + ll ( - ) (0)]\p(p)> . (6) 

Here the small off-diagonal coupling and the small propagator are "canceling" each other. 
Similarly for the process (p^ — > P e ) + p — > e + + n. 

There is one subtle point here. But a word of caution should be made with the couplings. 
A pair of complex scalar fields, but eight components get absorbed, have four components 
left - that means that only four off-diagonal couplings could be different from zero. That 
is, one of three neutrino oscillations is absent depending on how to arrange (v T , Vn, v e ) m 
the triplet, or which four nonzero vacuum expectation values are to be chosen. If we choose 
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the four non-zero vacuum expectation values to be first two components, which we choose 
to the v r and components [5], then the transition from to v T would be absent - in 
any case, one out of the three would be absent. To make this point clear, we could label 
the vacuum expectation values u± (in the last equation) as u^ 2 \ if it is necessary. Note 
that the irrelevant sign in the transition amplitude, such as in the last equation, could be 
ignored. 

So, we may try out to do the scattering + p — > /i + + n at the energy of, 
say, 3GeV. It is interesting to see if t + gets to be produced or if e + could be 
produced. This would be a way to open up the door into the "family" world. Of 
course, we have to worry about the backgrounds; that makes it a high-precision 
experiment. 

Certain LFV processes pQ such as n — > e + 7 pQ and [i + A — > A * +e are, in fact, closely 
related to the most cited picture of neutrino oscillations. See Fig.l for the illustration. In 
another note [7], it is realized that the cross-generation or off-diagonal neutrino-Higgs 
interaction may in fact serve as the detailed mechanism of neutrino oscillations, with some 
vacuum expectation value of the new Higgs field(s), as contrast with the composed system 
of the K° — K° oscillation. 
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Figure 1: The leading diagrams for \i — >■ e + 7. 

We have the outstanding question why there are three generations in the minimal Stan- 
dard Model and, yet, another outstanding puzzle that the dark-matter world is about 
five times the visual ordinary-matter world (the latter described by the minimal Standard 
Model). Besides the role in the minimal Standard Model, neutrinos may be able to tell us 
something - an orthogonal family gauge theory in the dark-matter world which our neutrinos 
are capable of talking to (or interacting with). 

Indeed, there is room left for something very interesting. Remember that the right- 
handed neutrinos never enter in the construction of the minimal Standard Model [1]. The 
message that the right-handed neutrinos seem to be "unwanted" could be telling us some- 
thing. Now, the fact that neutrinos have tiny masses suggests that "more naturally" they 
would be four-component Dirac particles, and unlikely to be the two-component Majorana 
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particles. 

We illustrate the point further by calculating the golden lepton-flavor-violating decay 
fj, — > e + 7. We show in Figures 1(a), 1(b), and 1(c) three leading basic Feynman diagrams. 
Here the conversion of into v e is marked by a cross sign and it is a term from our off- 
diagonal interaction given above with the Higgs vacuum expectation values u + and 
Here the Higgs masses are assumed to be very large, i.e., greater than a few TeV, as in 
SUf(3). The only small number (coupling) is rj, explaining the tiny masses of neutrinos. 

Using Feynman rules from Wu and Hwang |4], we write, for Fig. 1(a), 



1 e 

d 4 q • u(p',s')- i- —j= , -27a(1 + 75) 



(2tt) 4 7 * ' 2^2 sin6 w 

1 m 2 -ij-q . . , . 1 mi-»7-g 
■- — 9 ~ -■ 1 ■ im—){u+ + m-) ■ - — 5 5 - 

1 m,2 + q — ie 1 m\ + q A — te 

^(l + 75)-«(p,,) 
1 e a {k) 1 5 u x 



M^ + {p- q f-ie V^h ^ i + (j>- q- kf - ie' 



with A afJiU = (-ie){5 flv (-k - p - q) a + 5 va (p - q + p - q - k)^ + S atl (-p + q + k + k) v }. 
On the other hand, Feynman rules yield, for Fig. 1(b), 
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and a similar result for Fig. 1(c). 

The four-dimensional integrations can be carried out, via the dimensional integration 
formulae (e.g. Ch. 10, Wu/Hwang |4J), especially if we drop the small masses compared to 
the W-boson mass My/ in the denominator. In this way, we obtain 

iT a = — ^ -V( u + + eu -) " ( m i + m 2) • (+2i) 



y/2 (4vr) 



2 



•n(p / , S , )^(l+75)n(p, S ). (7) 
V2fe 

It is interesting to note that the wave-function renormalization, as shown by Figs. 1(b) 
and 1(c), yields 

«Wc = ^ + - 2 ) • (+ 2 *) (£)2 • {^2^2 + ^2 } 

•u(p , , S / )^(l + 75Mp,s), (8) 
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noting that p 2 = —m 2 ^ and p' 2 = —m 2 would make the contribution from Figs. 1(b) and 
1(c) to be the same as that from Fig. 1(a). 

In a normal treatment, one ignores the wave- function renormalization diagrams 1(b) 
and 1(c) in the treatment of the decays fi — > e + 7, /i — > 3e, and /i + A — > e + A*. 

Comparing this to the dominant mode \i — > eVf.u^ [3], we obtain the branching ratio 
easily. Even though the decay rate for fi — > e + 7, as obtained here, would be of the order 
{mneutrino/'mfi) 4 , which is rather small, it is much larger than order (m 2 /M^m M ) 2 as often 
quoted in the literature. 

The off-diagonal mass matrix would be modified by the self-energy diagram since the 
neutrinos form a triplet under 517/(3). It is presumed that these self-energy diagrams, 
after the ultraviolet divergences get subtracted, lead to masses of the right order. If the 
off-diagonal mass matrix is diagonalized alone, the three roots would be two negative and 
one positive, adding up to zero. This seems like one ordering in the masses of neutrinos - 
one up and two downs. 

In addition to the golden decay fi — )■ e + 7 and the "golden" scattering (v^ — > v T ) +p — > 
t + + n, one may consider the decay tt° — > \x + e. We would move to a field that would be 
called "family physics" which deals with baryon-number-conserving lepton- flavor-changing 
reactions or decays. 

Besides the golden decays fi — > e + 7 (much too small), ir° — > fi + e, and neutrino 
oscillations (already observed), we have to decide, to what extent, violation of the r — fi — e 
universality. As the baryon asymmetry is sometime attributed to the lepton-antilepton 
asymmetry, the current scenario for neutrino oscillations [lj appears to be inadequate. If 
we take the hints from neutrinos rather seriously, there are so much to discover, even though 
the minimal Standard Model for the ordinary-matter world remains to be intact. 

3 Discussions 

Under the assumption that, in the dark-matter world, the dark-matter particles are also 
species in the extended Standard Model, most of reactions happening among dark-matter 
particles, even involving neutrinos, cannot be detected in the ordinary-matter world. We 
could argue that the "minimum" extended Standard Model would be the extended Standard 
Model to be based on the group SU C {3) x SU L (2) x 17(1) x 517/(3) x SU R {2) [7], provided 
that why there are three generations of fermions could be explained and the missing right- 
handed sector would eventually be coming back [8]. This "minimal extended" Standard 
Model would be the most natural choice of all the models. 

In a slightly different context |9J, I proposed to work with two working rules: "Dirac 
similarity principle", based on eighty years of experience, and "minimum Higgs hypothesis", 
from the last forty years of experience. By "Dirac similarity principle", all the fermions of 
the extended Standard Model are point-like Dirac particles and this has important impli- 
cation for neutrinos. Using these two working rules, the extended model mentioned above 
becomes rather unique - so, it is so much easier to check it against the experiments. Here 
we notice that, before the two working rules are adopted, there are so many options (par- 
ticularly in connection with the Higgs sector) to work out in the left-right models [8]. 

We would be curious about how the dark-matter world looks like, though it is difficult 
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to verify experimentally. The first question would be if the dark-matter world, 25 % of 
the current Universe (in comparison, only 5 % in the ordinary matter), would clusterize 
to form the dark-matter galaxies, maybe even before the ordinary-matter galaxies. The 
dark-matter galaxies would then play the hosts of (visible) ordinary- matter galaxies, like 
our own galaxy, the Milky Way. Note that a dark-matter galaxy is by our definition a 
galaxy that does not "feel" any ordinary strong and electromagnetic interactions (as in our 
visible ordinary-matter world). This fundamental quest deserves some thoughts, for the 
structural formation of our Universe. 

Of course, we should remind ourselves that, in our ordinary-matter world, those quarks 
can aggregate in no time, to hadrons, including nuclei, and the electrons serve to neutralize 
the charges also in no time; then atoms, molecules, complex molecules, and so on. The 
early stage of "aggregation" does not involve the gravitational force, and so much faster 
than those by the gravitational force. This early stage of aggregation serves as the "seeds" 
for the clusters, and then stars, and then galaxies, maybe in a time span of 1 Gyr (i.e., the 
age of our young Universe). The aggregation caused by strong and electromagnetic forces is 
fast enough to help giving rise to galaxies in a time span of 1 Gyr. On the other hand, the 
seeded clusterings might proceed with abundance of extra-heavy dark-matter particles such 
as familons and family Higgs, all greater than a few TeV and with relatively long lifetimes 
(owing to very limited decay channels). So, further simulations on galactic formation and 
evolution may yield clues on our problem. 

Finally, coming back to the fronts of particle physics, neutrinos, especially the right- 
handed neutrinos, might couple to the particles in the dark-matter world. Neutrino oscil- 
lations and the family "symmetry" are hints for us to enter the new world. Any further 
investigation along this direction would be of utmost importance. In addition, it may shed 
light on the nature of the dark-matter world. 

This research is supported in part by National Science Council project (NSC 99-2112- 
M-002-009-MY3). We wish to thank the authors of the following books [4| for thorough 
reviews of the minimal Standard Model. 
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